A kinematic (geometrical) diffraction simulation model has been developed to provide understanding of direct dislocation images on synchrotron white-beam X-ray topographs, and has been successfully applied to illustrate the contrast formation mechanisms involved in images of micropipe-related superscrew dislocations in silicon carbide crystals. The coincidence of the simulations with the contrast features of the superscrew dislocation images, recorded using a series of synchrotron topography techniques, shows that this model is capable of revealing the detailed diffraction behavior of the highly distorted region around the dislocation core and determining the quantitative characteristics of the dislocations. The simulation technique is thus demonstrated to be a simple but ef®cient method for interpretation of synchrotron topographs, and may be applied to explain the topographic contrast characters of general crystal defects.
Introduction
Among the variety of defects which can be imaged by synchrotron white-beam X-ray topography (SWBXT), a powerful diffraction imaging technique (Sauvage & Petroff, 1980; Dudley, 1997) , dislocations have been one of the main objects of interest because they are the most common defects in crystals and exhibit complicated diffraction behavior (Tanner, 1996; Klapper, 1991; references therein) . In general, topographic contrast of dislocations observed in both Lang and synchrotron topographs consists of direct, dynamic and intermediary contributions (for example, see Tanner, 1996) . However, in cases of low " 0 t (" 0 is the linear absorption coef®cient and t is the sample thickness), the direct contribution dominates the dislocation images.
Superscrew dislocations in silicon carbide (SiC) are hollow-core screw dislocations (i.e. micropipes) with their Burgers vectors being several tens of A Ê ngstro È ms. These dislocations exihibit interesting direct image features on synchrotron topographs (Wang, 1995; Dudley et al., 1995; which cannot be fully interpreted by conventional theories of X-ray topography (Authier, 1967 (Authier, , 1970 Miltat & Bowen, 1975) . In principle, the direct images of superscrew dislocations can be strictly simulated on the basis of Takagi±Taupin equations (Epelboin, 1985 (Epelboin, , 1996 , but the computing processes are very complicated and lack straightforwardness. Meanwhile, the available programs based on Takagi±Taupin equations have been made to calculate the intensity distribution at the exit surface, and they cannot predict the dependence of dislocation images on sample±®lm distances for synchrotron topography where sample±®lm distances are usually much greater than that of the conventional Lang topography.
In this paper, an alternative approach, which can be called a`ray-tracing' method, is formulated and applied to simulate the direct images of superscrew dislocations. In this approach, the distorted region around the dislocation core is considered to consist of a large number of small crystallites which are orientated by the strain ®eld and diffract X-rays independently according to their local lattice orientations. Under these conditions, calculating the traces of the inhomogeneously diffracted X-rays enables one to map the spots where these rays intersect the recording plate, and the contrast intensity of the direct image is then determined by the density distribution of the intersection spots. Compared with the similar investigations carried out by Mardix et al. (1971) , Krishna et al. (1985) and Polcarova Â et al. (1991) , the simulations obtained by our approach are more accurate and coincide with the actual direct images of superscrew dislocations, including both the dimensions and intensity distributions, for varous diffraction geometries.
The application of the new simulation approach to superscrew dislocation images observed by synchrotron transmission and back-re¯ection topography is the subject of this paper. A more general discussion of the new approach in relation to the conventional theory of misorientation contour analysis has been presented in a separate paper .
Simulation process
Hollow-core micropipes in 6H-SiC (as well as in other SiC polytypes) are pure screw dislocations parallel to the c axis with Burgers vectors being multiples of the lattice constant c (= 15.18 A Ê ) (Huang et al., , 1999 . In the present work, we concentrate mainly on the 0006m re¯ections of these superscrew dislocations. Considering such a screw dislocation as the z axis, we can express the displacement ®eld as u z ba2% tan À1 yax 1 in the coordinate system depicted in Fig. 1 . Here b is the magnitude of the Burgers vector b. Equation (1) gives the position-dependent orientation of the (0001) diffracting planes (g 0 = 0006m) as
where r = (x 2 + y 2 )
1/2 . In SWBXT, as the effective divergence of synchrotron radiation (the ratio of the source size to the source± sample distance) is usually around 10 À5 rad or less, it is accurate enough to assume that all the incident X-rays have the same direction s 0 . Therefore, the continous variation of n in the distorted lattice makes both the directions and the wavelengths of the diffracted X-rays vary continuously from point to point.
For the numerical simulation of the direct image, we have to divide the distorted lattice into a set of small cubes of constant volume. Because the intensity variation of the incident synchrotron spectrum is slow within the small wavelength range of the diffraction, all the cubes may be assumed to have the same integrated diffraction power I 0 , and thus the actual diffraction intensity from each cube is I 0 exp (À" 0 l), where l is the total length of the ray path inside the crystal. In order to determine how the homogeneously diffracted beams intersect the recording plate, we can further divide this plate into a set of squares of constant area. Then the computing process is to project the intensities from all the cubes to the corresponding squares according to the traces of the diffracted beams. The sum of intensities each square received after the projection represents the local contrast level. Eventually, all the calculated intensity data can be plotted as a gray-scale`topograph' to give the simulation of the direct image.
3. Back-re¯ection topograph of superscrew dislocation 3.1. Simulation of isolated superscrew dislocation Fig. 2 shows a back-re¯ection synchrotron topograph taken from the (0001) surface of a 6H-SiC wafer under the symmetric diffraction geometry of Fig. 1 . In this topograph are a large number of white spots which are images of superscrew dislocations lying perpendicular to the crystal surface. One of these white spots, which is actually a black ring surrounding a white center, is magni®ed in Fig. 3(a) . This image corresponds to a 6c superscrew dislocation (b = 91 A Ê ). An additional contrast characteristic here is that some faint gray contrast, labeled as A, remains in the right part of the white region. In our preliminary work (Huang et al., , 1999 , we demonstrated the simulation of isloated superscrew dislocation images on synchrotron backre¯ection topographs. Here, for integrality, we describe again the simulation results.
Since the additional displacements arising from the surface effect (Eshelby & Stroh, 1951) make no contribution to the contrast formation, the effective displacement ®eld of equation (1) has a cylindrical symmetry Here s 0 and s g are the directions (unit vectors) of the incident and diffracted beams, respectively, n is the normal to the local diffracting plane, and B is the local Bragg angle. for the 0006m re¯ections, which enables us to calculate the diffraction of the deformed lattice layer-by-layer along the z axis. Fig. 3(b) is the simulation of a 6c superscrew dislocation produced by the diffraction of the surface layer under the same diffraction geometry of Fig. 3(a) . Fig. 3(d) is the cross-sectional intensity pro®le along the line LL H in Fig. 3(b) . In simulating this image, both the crystal surface and the recording plate have been divided into small squares with the unit areas being 0.01 Â 0.01 mm for the crystal surface and 0.5 Â 0.5 mm for the recording plate, respectively. It is interesting that the simulation is, indeed, a circular ring having nearly the same intensity distribution as the recorded image. In particular, the inner diameter of the simulated circular contrast (= 68 mm) is also nearly equal to that of the recorded image.
Actually, the layers located deeper inside the crystal also contribute to the contrast formation. Because of the cylindrical symmetry of u z , however, each layer beneath the surface produces the same image as the surface layer except that the diffraction intensity decreases by a factor exp (À2" 0 t/sin B ) due to the absorption (here t is the depth of the diffracting layer and B is the Bragg angle). According to the diffraction geometry schematically plotted in Fig. 3(c) , the weak images of the deeper layers are displaced from that of the surface layer. Then it is apparent that the residual contrast intensity A in Fig. 3(a) results from the diffraction of the deeper layers. However, the weak intensity of the displaced images A shows that the diffraction intensities from the deeper layers are strongly absorbed, indicating that the topographic contrast mainly comes from the surface layer. In the following cases of back re¯ection, therefore, we will only consider the diffraction behavior of the surface layer.
The intensity pro®le in Fig. 3(d) indicates that X-rays incident on the dislocation core region are scattered away from the principal diffracting direction s 0 g . The scattered rays heavily overlap at the periphery of the white-contrast region such that an intensi®ed ring is formed. Calculations of the traces of X-rays originating from different circles around the dislocation core indicate that the rays actually form a set of twisted cones around the principal diffraction axis s 0 g . Fig. 4 shows schematically such cones (for a right-handed superscrew dislocation) which intersect each other in space. From this ®gure the formation of the circular contrast feature on the ®lm can be easily understood.
Dependence of image size on sample±®lm distance
From an overall viewpoint, only the different semiapex angles of the twisted cones determine their overlap in space and further determine the overall image features of the dislocation on topographs (see Fig. 4 ). Obviously, both the magnitude of the Burgers vector, b, and the distance of the ®lm from the crystal surface, D sf , in¯uence the topographic contrast, especially the diameter of the white-contrast region, R. Fig. 5 shows the calculated dependency of R on D sf for different superscrew dislocations. Based on these curves one may determine the Burgers vector magnitudes of any superscrew dislocations from the back-re¯ection images if D sf is known. For example, the dense smallest white spots in Fig. 2 can be discerned to be 1c superscrew dislocations (elementary dislocations) according to Fig. 5 , while the larger ones correspond to superscrew dislocations with Burgers vectors ranging from 2c to 8c.
The curves in Fig. 5 indicate that for back-re¯ection topography, the changes of dislocation image dimensions with sample±®lm distance variation are very signi®cant. It is worth noting that the dependence of R on D sf is nonlinear. This can be explained by the diffraction geometry of Fig. 4(b) : when D sf is small, the inner edge of the circular contrast is produced by the signi®cantly inclined rays diffracted from the region close to the dislocation core; as the ®lm is moved away from the sample, the less inclined cones form the inner image edge; for larger values of D sf , the image diameter approaches a constant value because the innermost rays intersecting the recording ®lm are diffracted by the nearly perfect matrix far away from the dislocation core and tend to be parallel to the principal diffraction direction s 0 g . Our experimental measurements show that the actual variation of the superscrew dislocation image sizes with the sample±®lm distances (from 4 to 30 cm) is in good agreement with the calculated results. Thus, the curves plotted in Fig. 5 can be conveniently used to determine, to a fair precision, the magnitudes of isolated superscrew dislocations in SiC from back-re¯ection topographs taken at any sample±®lm distances.
Simulation of grouped dislocations
In the above demonstrations, we have proved that an isolated superscrew dislocation appears as a circular black ring surrounding a white center under the symmetric back re¯ection, but noncircular white spots are also frequently observed in topographs recorded at large sample±®lm distances (for example see Fig. 2) . Observations of the etched crystal surface by scanning electron microscopy show that the noncircular white regions generally contain several dislocation etch pits close to one another, indicating that these white spots are images of grouped superscrew dislocations. It is interesting that, again, these complicated contrast features can be precisely simulated with the simple kinematic diffraction model. For simplicity, let us consider two superscrew dislocations intersecting the (0001) basal plane at (0, 0) and (L, 0), respectively. In this case, the actual displacement ®eld is the superimposition of the two independent displacement ®elds associated with two individual dislocation, respectively, and can be written as
where b 1 and b 2 are the Burgers vector magnitudes of the two dislocations, respectively. Using the same simulation method described above, we can simulate thè grouped' images of two screw dislocations for any values of the Burgers vectors, b i , and the separation distance, L, from equation (3).
Figs. 6(a)±6(c) represent the simulated topographic images of two identical superscrew dislocations located at different separation distances. It is clear that when L is small, the image is an ellipse with small eccentricity (Fig. 6a) , showing that the diffraction behavior of the dislocation pair is similar to that of a single dislocation with the Burgers vector being the sum of the two individual Burgers vectors. As the distance between the two dislocations increases, the image becomes complicated (Fig. 6b) . Apparently, the overall image is not the superimposition of two circular images corresponding to two independent dislocations, respectively. Such a phenomenon can be further identi®ed by Fig. 6(c) , where the images of the two dislocations are well separated, but the image shapes are still distorted signi®cantly. This shows that the strain ®eld of one dislocation is, indeed, modi®ed by that of the other of the dislocation pair. Thus, the large interaction distance implies that lattice deformations of a single superscrew dislocation are extended over a wide region of tens of micrometres.
Simulations of an opposite-sense superscrew dislocation pair are plotted in Figs. 6(d)±6( f ). Here the contrast features are quite different from those of a dislocation pair with the same sense. In particular, when L decreases, the image of the two opposite dislocations decreases quickly and tends be`annihilated'. This is because the lattice displacements arising from the two dislocations are opposite in directions and tend to be cancelled out when the dislocations approach each other.
In fact, all the contrast features shown in Figs. 6(a)± 6( f ) have been observed for various SiC wafers during our experiments. Figs. 6(g) and 6(h) show, for example, the actual topographic images of dislocation pairs, which are similar to Figs. 6(b) and 6(e), respectively. Therefore, the kinematic diffraction model has been demonstrated to be well capable of explaining the contrast mechanisms of superscrew dislocations in back-re¯ection synchrotron topographs. Using this model, one can actually simulate images of arbitrarily distributed superscrew dislocation groups so as to extract the con®gurations of the individual dislocations.
Simulation of transmission topographs
Back-re¯ection SWBXT is, at present, the most ef®cient technique for characterization of superscrew dislocations in (0001)-cut SiC wafers because the image of each superscrew dislocation is`magni®ed' to tens and to hundreds of micrometres in dimension. For longitudinally cut wafers, however, the suitable diffraction geometry is the commonly used transmission geometry schematically represented in Fig. 7. Fig. 8 shows the synchrotron transmission topograph of a 11 " 20 6H-SiC wafer taken with the symmetric 0006 re¯ection, in which the image of each superscrew dislocation exhibits double contrast with a bimodal intensity pro®le. Interestingly, the elementary dislocations (with faint contrast intensity in Fig. 8) The formation of double contrast is a general phenomenon of most kinds of dislocations in X-ray topographs (Klapper, 1991; Tanner et al., 1977; Zontone et al., 1996) . In the present case of superscrew dislocations, the images are much narrower than that expected by the conventional theory (Krishna et al., 1985) , but they are wide enough to let us quantitatively describe the double contrast features on the basis of the our simulation model.
In order to simulate the topographic image of a superscrew dislocation in the transmission geometry, we again divide the crystal into a set of cubes of constant volume. Because the X-rays undergoing the kinematic diffraction have nearly the same total path length within the crystal (9 t 0 /cos B ), they are equally absorbed (see Fig. 7 ). Therefore, all the cubes can be considered to produce the same diffraction intensity. Furthermore, as the displacement ®eld has a cylindrical symmetry along the dislocation line, it is only necessary to calculate the diffracting directions of the cubes located on a section of the cylindrical volume. After the calculations, we can obtain a`unit section image', and the projection topo-graph is then obtained by elongating this image along the dislocation line. Fig. 9(a) is the simulated image of a 5c superscrew dislocation calculated at a sample±®lm distance, D sf , of 10 cm. It is seen that the simulation is in good agreement with the corresponding contrast features in Fig. 8 . Fig. 10(b) is the simulation corresponding to a large sample±®lm distance, showing the common phenomenon that separation of the two intensity maxima, L 0 , increases with increasing sample±®lm distance.
The main characteristics of the superscrew dislocation images in Figs. 8 and 9 are that the double-contrast columns are shifted in both the vertical and lateral directions. The shift in the former direction has been explained by the fact that the diffracting planes besides the dislocation center are tilted oppositely in the incident plane (the plane parallel to both the incident beam and the principal diffracted beam). In view of Fig. 4(c) , this is rigorous only for the diffracting centers on the plane x = 0 (provided that the incident plane is parallel to y = 0). For other diffracting centers, the normals n have components perpendicular to the incident plane. It is these components that are attributed to the lateral separation of the double contrast.
As an example, Fig. 10 shows the dependence of L 0 on the sample±®lm distance D sf for the 5c superscrew dislocation. It can be seen that, similar to the backre¯ection case, L 0 is a nonlinear function of D sf in the transmission case; this relation has been veri®ed explicitly in our experiments (for D sf ranging from 5 to 30 cm).
From the vertical shift directions of the double contrast at the top edge of the topograph in Fig. 8 , it is easy to discern the sense of the superscrew dislocations. In the diffraction geometry of Fig. 7 , a right-handed screw dislocation can make double-contrast columns D 1 and D 2 shifted upward and downward, respectively, according to the tilt of the diffracting planes. Correspondingly, for a left-handed screw dislocation, the contrast appears as a mirror image with respect to that of a right-handed one. Based on this rule, dislocation 5 in In fact, the vertical shift of the double contrast can be seen more clearly in the transmission section topograph. Fig. 11(a) is a section topograph showing two righthanded superscrew dislocations (S 1 and S 2 ). The topograph was taken with a narrow incident beam of about 20 mm in width under the same diffraction geometry we used to record Fig. 8 . In this topograph, each dislocation image consists of two streaks sharply bounded by a pair of hyperbolae H and H H . Such a contrast feature is very similar to the superscrew dislocation images recorded from ZnS crystals by divergent-beam section topography (Mardix et al., 1971) , but here from the calculations of the ray traces, this feature can be strictly reproduced. Fig. 11(b) is the simulation of a 4c righthanded superscrew dislocation, from which it may be seen that the dimension and shape of the simulated image are well consistent with those of the real image of S 1 in Fig. 11(a) . Based on the simulations, therefore, synchrotron transmission section topography is also capable of determining the magnitudes and senses of the Burgers vectors of superscrew dislocations.
Discussion and conclusions
By considering that the distorted regions consist of small misorientated crystallites which diffract X-rays kinematically according to their local lattice orientations, we have developed a simpli®ed numerical model for simulating the direct images of superscrew dislocations in synchrotron topographs. Based on this model, the only task required for the simulation is to calculate the traces of X-rays inhomogeneously diffracted by the crystallites and then to project these rays onto the recording plate.
It is necessary to emphasize that in this model, the diffraction power has been assumed to keep constant from point to point in the strain ®eld. This means that the dislocation contrast simulated is pure orientation contrast arising from overlap or separation of diffracted X-rays with continuously varying directions. Therefore, the possible contribution of the so-called`extincition contrast' (resulting from the difference in diffraction power between distorted and perfect regions) is completely ignored. With this approximation, however, our kinematic diffraction model can still simulate the main features of the topographic contrast of superscrew dislocations taken under the various diffraction geometries and can quantitatively reveal the structural details of these dislocations, including the long-range strain ®elds, the Burgers vector magnitudes, and the dislocation senses. The good agreement between the recorded images and the simulated orientation contrast features thus indicates that the extinction contrast contribution is negligible in synchrotron topographic images of superscrew dislocations.
The kinematic diffraction simulation model presented in this paper establishes a direct connection between the lattice deformation u(r) of a defect and its direct image on synchrotron topographs. For given forms of u(r) (which can usually be derived from elasticity theories), we can, in principle, simulate topographic images of any kind of crystal defect (with misorientated lattices) using this model. This would make the interpretation of synchrotron topographs very easy and fast in most cases.
